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Abstract 
Compared to other species of birds, the Ruby-throated hummingbird (Archilochus 
colubris) must forage more frequently to maintain their high metabolic rates. They must be able 
to quickly determine profitable food sources and adapt to changing conditions. We studied the 
memory and learning of A. colubris by observing their behavior in a natural setting when 
confronted with new nutrient-rich food sources with varied placement and sucrose content. Our 
data suggest that A. colubris commit a food source's position and viability to memory between 
20 minutes and one hour of it being introduced. Additionally, A. colubris are significantly more 
likely to revisit a feeder where a sucrose solution had previously been present, suggesting a 
learned response. As there was some evidence A. colubris may be able to differentiate between 
feeders due to olfactory cues, further investigation is needed to determine if this is the case in a 
natural setting. 
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The ways in which birds forage for the most relatively rich food resources is an important 
facet of their ecology. This is because birds, compared to other animals, have higher metabolic 
Gabry et aJ. 1 
rates and therefore need to forage efficiently to maintain their metabolism (Osborne, 1998). 
While birds in general are on the higher end of metabolic rates in the animal kingdom, 
hummingbird metabolism is even more extreme (Osborne, 1998). The Ruby-throated 
Hummingbird (Archilochus co!ubris) has a relatively high metabolic rate compared to other bird 
species and therefore accessing the most nutrient-rich food resources efficiently is essential to 
successful foraging (Osborne, 1998). Because the ecological pressures to learn and remember 
what resources are richer than others must be great, we investigated how quickly A. colubris 
adapted to experimentally manipulated resource-rich and resource-poor food sources. 
The complexity of A. colubris foraging behaviors have been studied extensively. 
Research has shown that A. colubris rely on their memory to find relatively rich food resources, 
specifically spatial memory rather than color cues (Miliar et al., 1985). Another study showed 
that A. colubris learn cooperatively, where individuals learn foraging behavior faster when 
watching the behavior of other birds (Altshuler & Nunn, 2001). With the insights gained from 
these studies suggesting that A. colubris possess learning capabilities, we decided to further test 
their foraging mechanisms in a natural setting. 
We assessed the ability of A. colubris to locate resource-rich foraging sites when given a 
choice between paired resource-poor and resource-rich sites in a natural environment. Our goal 
was to observe whether A. colubris would learn which feeders contained a relatively rich food 
supply, and how quickly. Because of the importance of utilizing resource-rich food sources, we 
hypothesized that if A. colubris possessed learning capabiJjties, then they would return to the 
resource-rich feeder (sucrose-infused water) more frequently than to the resource-poor feeder 
(water only). We also predicted to see an increase in :frequency and proportion of visits to the 
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sucrose-infused water over time. We also evaluated if olfactory and visual cues facilitate learning 
the location of sucrose enriched water compared to water. 
Materials and Methods 
This study was conducted from 29 May through 6 June, 2017 at the University of 
Michigan Biological Station in Cheboygan County of Michigan (45.5°N, 84.6°W) along the edge 
of an extensive mixed deciduous forest surrounding a large grassy field, a habitat frequented by 
A. colubris in this region (Weidensaul et al. , 2013). We hung hummingbird feeders, 1.5 m from 
the ground using standard fishing wire (specific locations for each feeder are given in Figure 1), 
in pairs of two, 10 m away from each other, on either red (Pinus resinosa) or white pine (P. 
strobus) or American beech (Fagus grandifolia) trees. We chose trees based on availability and 
spacing constraints. We used plastic, 591 ml, inverted-type hummingbird feeders with clear 
reservoirs and red bases with four yellow artificial flower openings along the bottom and no 
perch to contain tap water and the treatment solutions. We placed pairs of feeders within one 
territory length of A. colubris, estimated at 15 m given food availability, so that a single bird 
could make a decision between the two feeders. Each of these seven sites were 60 m apart to 
exceed the 15 m estimated feeding territory in order to control for A. colubris territoriality 
(Weidensaul et al., 2013). 
We filled each pair of hummingbird feeders, one with tap water and the other with a 
sucrose solution. The solution we used in the feeders was a 4: 1 ratio of tap water to pure I 00% 
cane sugar by mass, which successfully attracts A. colubris (Florkowski et al., 2015). We filled 
the control feeders wjth pure water to match the volume of the feeders with sugar water. Initially, 
we hung 14 feeders, at 7 sites (Figure 1), on 29 May 2017 at 18:30 and collected data for 10 
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minutes twice daily at 06:30 and 19:00 from 30 May 2017 to 2 June 2017. Our initial 
observations indicated that 100% of visits were already at the sugar concentration, implying that 
we missed the learning period. On 2 June 2017 we removed the feeders at 22:30 to be rinsed 
with water and refilled outside of the A. colubris natural foraging time (Weidensaul et al., 2013). 
We refilled 10 feeders with either water or sugar water based on its original contents and 
switched the feeders at each site. We eliminated two of the original sites so that we could . 
constantly observe with the number of researchers present. lf water was on the right it was 
placed on the left and vice versa to test the birds' ability to remember food source position on 3 
June 2017 at 06:00. 
We collected data from 06:00 until 10:00 to observe the learning process. One observer 
was stationed at least 30 m away from each feeder, a distance well outside of the territorial 
range, and observed the feeders through 10x42x magnification binoculars (Weidensaul et al., 
2013). We recorded the number of A. colubris contacting the given feeders during the time 
period and general observations about the behavior of the bird during its visit, including whether 
it moved from the control feeder to the treatment, or vice versa. In order to test memory of A. 
colubris after the observation period, hummingbird feeders remained up untiJ 22:00 on 6 June 
2017, when we rinsed and refilled them with pure water. The feeders were hung up at 06 :00 on 
07 June 2017 and observed until 08:00, collecting the same data as before. In order to ensure no 
visual or olfactory cues were being used by the birds, the samples of both sugar and water were 
ran through a UV I VIS Spectrophotometer (PerkinElmer Lambda 35) and a Volatile Organic 
Compound Analysis (Purge and Trap with GC/ Mass spectrometer). 
We conducted behavioral statistical analyses using SPSS and GraphPad Prism 5.0. To 
test for significant differences in foraging decisions and habits both within and between data 
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collection days. We used a series of chi-squared goodness of fit tests, as well as a chi-squared 
contingency test to assess for significant differences between contacts at the sugar and water 
feeders both across and within sessions. Our value of significance was set to 0 = .05 a priori. 
Results 
Analysis showed that there were significantly more initial contacts at the sugar feeder 
(previously water) compared to the water feeder (previously sugar) within the first hour and 
fifteen minutes of hanging the feeders, X 2 (1 , N = 226) = 89.221,p<.05. Breaking the sessions 
down into 11 twenty-minute periods, a significant difference in the number of contacts on the 
water feeder was seen between all periods, X 2 (7, N = 53) = 38.321 ,p<.05. Comparing periods 
individually~ a significant difference was not seen between periods one and two, X 2 (1 , N = 3 l) 
= 1.581 , p=.209. However, a significant difference was seen between periods one and three, X 2 
(1 , N = 22) =11.636,p<.05. Additionally, significant differences were not seen between periods 
three and four, X 2 (1, N = 10) = 1.600, p=.206, nor between periods 3 and 9, X 2 (1 , N = 4) = 
1.000,p=.3 J 7. (Note: Period nine was the last recorded period with a contact on the water 
feeder). 
Subsequently, there were significantly more initial contacts at the water feeder where the 
sucrose was previously located as opposed to the water feeder which contained water in the 
previous recording session, X 2 (1, N = 38) = 30.42 1, p<.05. Between the two recording sessions, 
there was no significant difference found between the number of initial contacts on the feeders 
which contained sucrose in the days prior to the session, X 2(1, N = 79) = 0.620, p=.431. 
Spectrophotometry tests on the water and sugar and solutions showed that there were no 
detectable visible differences from 190 - 800 nm on the light spectrum. Additionally, volatile 
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organic compound analysis showed that the onJy major volatile compound of interest produced 
by the sugar solution was one peak which bad an 86.5% match to ethanol. 
Discussion 
A cognitive capacity to remember beneficial food sources may have evolved rapidly in 
hummingbirds due to their high eneq,ry demands, which may be up to 204 cal g/h while flying 
(Southwick and Southwick, 1980). This necessity may have translated into a selective pressure 
towards individuals that did not waste time and energy searching for food sources once they 
knew where one was. Hummingbirds that repeatedly went to locations besides the permanent one 
of a rewarding flower would have had less energy to reproduce with, leaving the hummingbirds 
that learned more quickly to have more offspring. With a constantly changing environment, it is 
of utmost importance for A. colubris to posses the capability to rapidly update their memory on a 
day to day basis. The intent of our study was to build a better understanding of just how rapid 
and accurate this learning process is. 
The initial analysis of the data from 3 June suggests that the hummingbirds commit a 
food source' s position and its viability to memory within 1.25 hours of it being introduced. After 
doing so, they were less likely to forage at less nutrient rich sources. In order to get a better 
picture of when learning is established within the first 1.25 hours, we chose to break the analysis 
into smaller increments. We found there was not a significant ratio of sugar water to pure water 
visits between the first two 20 minute periods. This potentially indicates that ejther new 
individuals were coming to the feeders, or that it takes longer than 20 minutes for A. colubris to 
memorize a position. Furthermore the ratio was significantly different between the first and third 
20 minute periods, suggesting that the birds could firmly establish valuable foraging information 
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to memory within the latter half of that 60 minute time frame. The data collected on 6 June 
suggests that A. colubris' establishment of a new memory fully overrides its previous one of 
where a beneficial foodsource is. On 6 June, since the birds first visited the previous location of 
the sugar solution far more frequently than they went straight to the pievious location of the pure 
water. This demonstrates that their newly formed memory of feeder locations from 3 June took 
complete precedent over their memory of the feeder locations from the days prior. Comparing 
these initial visits across recording days, there was no significant difference in their :frequency of 
approach to the previously beneficial feeder, showing that the strength of their memory does not 
decrease as their memory is continuously updated. In other words, their most recent memory was 
shown to be established just as strongly as the one preceding it. Additionally, this analysis 
indicated that a lack of presence of sugar did not influence which feeder they initially 
approached, rnling out an approach-strategy alternative to memory. However, previous literature 
suggests olfaction may play a key role in A. colubris foraging (Goldsmith and Goldsmith, 1982), 
and thus we found it necessary to investigate its potential to influence feeder selection within our 
experiment. 
Goldsmith and Goldsmith (1982) found that Black-chinned Hummingbirds (Archilochus 
alexandri) could be 'trained' to associate the scent of benzyl benzoate with food sources, so it is 
entirely possible that A. colubris can detect and recognize scents as well. Our volatility test 
showed that ethanol emits from both the sugar solution used in our experimentation, as well as 
the Canada Columbine (Aquilegia canadensis), a staple food source for A. colubris in northern 
Michigan (Weidensaul et al., 2013). Further study could investigate if A. colubris uses the scent 
of flowers when searching for nectar, leading them to a beneficial food source more often than 
pure water. 
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Previous research has shown that hummingbirds can see into the ultraviolet spectrum 
(Lisney et al. , 2015), so we used a spectrophotometer to test the absorbance spectrum of our 
water and sugar solutions between 190 nm and 900 nm (Figures 2 and 3). The results showed 
that the two solutions have a nearly identical absorbance spectrum, with the exception of the 
sugar solution having stightly higher absorbance near 220 nm. Earth ' s atmosphere blocks almost 
all light occmTing at this wavelength (S. Bertman, pers. comm.), so we do not consider it to be a 
factor in how the hwnmingbirds selected which feeder to go to. 
Problems seen in the study included the failure of our original test design to catch the 
hummingbird• s original learning period, which nullified the significance of those days' data. We 
adapted the later experimentation by observing immediately after placing the feeders. 6 June had 
fewer feeder contacts, so in our analysis we divided the day into 40 minute periods instead of20 
minute periods as with the 3 June observations. We were unable to individually mark the 
different hummingbirds that we observed, and because of this our results on individual learning 
were obfuscated. We instead analyzed trends across all observations, but individual banding and 
tracking could yield intraspecific variability in foraging behavior. This specific study was 
completed close to A. colubris' spring migration period (Weidensaul et al., 2015). As local 
summer residents established their seasonal territories, we observed disputes between individuals 
trying to claim the feeders. Being chased away could have delayed some individuals' ability to 
learn and select the right feeder, or watching another individual use the correct feeder could have 
'taugbt' them to go to the sugar solution as well (Altshuler and Nunn, 2001). 
Future work in thjs subject, besides tracking hummingbirds individually, may test 
whether or not A. colubr;s uses any olfactory cu.es when selecting food sources. Data that we 
collected and analyzed using a purge and trap GC mass spec analysis could suggest that olfaction 
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may play a key role in foraging strategies; however, further testing must be done. Miller et al. 
(1985) demonstrated hummingbirds' preference to position instead of color. and its results could 
be combined with oars to see ifcolor affects A. colubris' learning ability. Furthermore, one could 
study how the frequency of visits at feeders may change if more than two concentrations of 
sucrose are available and. moved within a territory. A potential drawback to quickly committing 
to a single food source may be missing out on more rewarding food sources that arrive later after 
the first has been established. This has conservation relevance, as it may be important to know 
which oectaring flowers may be pollinated by A. colubris if introduced at certain times 
(Weidensaul et al., 2013). 
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Figures 
Figure 1. Map of feeder sites (4 and 6 eliminated in phase 2 of procedure). 
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Figure 3. Spectrophotometer graph of pure water solution 
10 
1U 






ra -c: 20 0 
0 
ol-----..-::~:::::::?:::::::i-==:~:::...-........ --,.__....._ 
I>.." I>.."" b,., I>.. t;,. b"' b t:o '\ I>.. 'b I>.. Oj ,.._<;) "" 
~,er ~c:r ~,o ~,c:r ~o ~,o 0b ~,er ~c:r .,J> >...0b 
q0 q0 q0 q0 q0 q0 q0~ q0 q0 q04;,. q0'· 
Time period 
Gabry et al. 11 
...... Water 
-+- Sugar 
Figure 4. Graph displaying number of contacts across all feeders on 3 June 2017. Time periods 
represent 20 minute intervals between 06:00 am and I 0:00 am. 
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